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(57) Abstract 

A method of producing a non*iiietal element or a metal or an alloy tfaerDof from a hallde or mixtures thereof. The halide or mixtures 
thexeof are contacted with a stream of liquid alkali metal or alkaline earth metal or mixtuvBs thereof in sufficient quantity to convert the 
halide to the non-metal or the metal or alloy and to maintain the tempeianue of the reactants at a tempemture lower tiian the lesser <^ the 
boilmg point of the alkali or alkaline earth metal at atmospheric pressure or the sintering temperature of the produced non-metal or metal 
or alloy. A continuous method is disclosed, particularly applicable to titanium. 
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Background of the Invention 

This invention relates to the production of elemental 

material from the halides thereof and has particular 
applicability to those metals and non-metals for which the 
reduction of the halide to the element is exothermic. 
Particular interest exists for titanium and the present 
invention will be described with particular reference to 
titanium but is applicable to other metals and non-metals such 
as Al, As, Sb, Be, B, Ta, Ge, V, Nb, Mo, Ga, Ir, Os, U and Re, 
all of which produce significant heat upon reduction from the 
halide to the metal. For the purposes of this application, 
elemental materials include those metals and non-metals listed 
above or in Table 1. 

At present titanium production is by reduction of 
titanium tetrachloride, which is made by chlorinating 
relatively high-grade titanium dioxide ore. Ores containing 
rut lie can be physically concentrated to produce a satisfactory 
chlorination feed material; other sources of titanium dioxide, 
such as ilmenite, titaniferous iron ores and most other 
titanium soinrce materials, require chemical benef iciation. 

The reduction of titanium tetrachloride to metal has 
been attempted using a number of reducing agents including 
hydrogen, carbon, sodium, calcium, aluminum and magnesium. The 
magnesium reduction of titanium tetrachloride has proved to be 
a commercial method for producing titanium metal. However, the 
resultant batch process reqfuires significant material handling 
with resulting opportunities for contamination and also in 



VfO 96104401 PCTAJS9S/101S9 

2 

quality variation from batch to batch* The greatest potential 
for decreasing production cost is the development of a 
continuous reduction process with attendant reduction in 
material handling. 

There is a strong demand for the development of a 
process that enables continuous economical production of 
titanium powder suitable for use without additional processing 
for application to powder metallurgy or vacuum-arc melting to 
ingot form. The Kroll process and the Hunter process are the 
two present day methods of producing titanium commercially. 

In the Kroll process^ titanium tetrachloride is 
chemically reduced by magnesium at about looo^c. The process 
is conducted in a batch fashion in a metal retort with an inert 
atmosphere, either helium or argon. Magnesium is charged into 
the vessel and heated to prepare a molten magnesium bath* 
Liquid titanium tetrachloride at room temperature is dispersed 
dropwise above the molten magnesium bath. The liquid titanium 
tetrachloride vaporizes in the gaseous 2one above the molten 
magnesiiam bath. A surface reaction occurs to form titanium and 
magnesium chloride. The Hunter process is similar to the Kroll 
process f but uses sodiuja instead of magnesium to reduce the 
titanium tetrachloride to titanium metal and produce sodium 
chloride. 

For both processes, the reaction is uncontrolled and 
sporadic and promotes the growth of dendritic titanium metal. 
The titanium fuses into a mass that encapsulates some of the 
molten magnesimn (or sodium) chloride. This fused mass is 
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called -titianium sponge. After cooling of the metal retort, the 
solidified titanium sponge metal is broken up, crushed, 
purified and then dried in a stream of hot nitrogen. Powder 
titanium is usually produced through grinding, shot casting or 
centrifugal processes. A common technique is to first cause 
the titanium to absorb hydrogen to make the sponge brittle to 
facilitate the grinding process. After formation of the powder 
titanium hydride, the particles are dehydrogentated to produce 
a usable product. The processing of the titanium sponge into a 
usable form is difficult, labor intensive, and increases the 
product cost by a factor of two to three. 

During these processing steps, some sponge particles as 
large as several centimeters in sise may be ignited in air and 
are thereby converted to titanium oxynitride, which is usually 
not destroyed during the melting operation. The resulting 
inclusions of hard material within the titanium metal parts 
have been identified as causing disastrous failures of jet 
engine parts, leading to crashes of aircraft. 

The processes discussed above have several intrinsic 
problems that contribute heavily to the high cost of titanium 
production* Batch process production is inherently capital and 
labor intensive. Titanium sponge requires substantial 
additional processing to produce titanium in a usable form, 
increasing cost, increasing hazard to workers and exacerbating 
batch quality control difficulties. Neither process utilizes 
the large exothermic energy reaction, requiring substantial 
energy input for titanium production (approximately 6 kw-^hr/kg 
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product metal] . In addition, the processes generate 

significant production wastes that are of environmental 
concern* 

BnmTna yy of the Invention 
Accordingly, an object of the present invention is to 
provide a taethod and system for producing non-^metals or metals 
or alloys thereof which is continuous having significant 
capital and operating costs advantages over existing batch 
technologies . 

Another object of the present invention is to provide a 
method and system for producing metals and non-metals from the 
exothermic reduction of the halide while preventing the metal 
or non-metal from sintering onto the apparatus used to produce 
same • 

Still another object of the Invention is to provide a 
method and system for producing non-metal or metal from the 
halides thereof wherein the process and system recycles the 
reducing agent, thereby substantially reducing the 
environmental impact of the process. 

The invention consists of certain novel features and a 
combination ot parts hereinafter fully described, illustrated 
in the accompanying drawings, and particularly pointed out in 
the appended claims, it being understood that various changes 
in the details may be made without departing from the spirit, 
or sacrificing any of the advantages of the present invention. 
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Brief Description of the Dravlnoa 

For the purpose of facilitating an understanding of the 
invention I there is illustrated in the accompanying drawings a 
preferred embodiment thereof, from an Inspection of which, when 
considered in connection with the following description, the 
invention, its construction and operation, and many of its 
advantages should be readily understood and appreciated. 

FIGURE 1 is a process flow diagram showing the 
continuous process for producing as an example titanium metal 
from titanium tetrachloride; 

FIG. 2 is a heat balance flow sheet for a process 
wherein the reactants exiting the burner are about 300 ""C; and 

FIG. 3 is an energy balance for a process in which the 
reactants exits the burner at about BSO^C. 

Detailed Description of the invention 

The process of the invention may be practiced with the 
use of any alkaline or alkaline earth metal depending upon the 
transition metal to be reduced. In some cases, combinations of 
an alkali or alkaline earth metals may be used. Moreover, any 
halide or combinations of halides may used with the present 
invention although in most circumstances chlorine, being the 
cheapest and most readily available, is preferred. Of the 
alkali or alkaline earth metals, by way of example, sodium will 
be chosen not for purposes of limitation but merely purposes of 
illustration, because it is cheapest and preferred, as has 
chlorine been chosen for the same purpose. 



wo 9^/04407 PCTAJS»10iS9 

6 

Regarding the non-metals or metals to be reduced, it is 
possible to reduce a single metal such as titanium or tantalum 
zirconium, selected from the list set forth hereafter* It is 
also possible to make alloys of a predetermined composition by 
providing mixed metal halides at the beginning of the process 
in the recjuired molecular ratio* By way of example. Table 1 
sets forth heats of reaction per gram of sodium for the 
reduction of non-metal or metal halides applicable to the 
inventive process* 

Table 1 



FEEDSTOCK 


HEAT 


kJ/g 


TiCl^ 




10 


AlCL, 




9 


SbClj 




14 


BeCl^ 




10 


BCI3 


12 




TaClg 




11 


VCl^ 


12 




NbCl, 




12 


NOCl^ 




14 


GaClj 




11 




10 






17 





The process will be illustrated, again for purposes of 
illustration and not for limitation, with a single metal 
titanium being produced from the tetrachloride. 
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A suxnmary process flowsheet, is shown in Figure !• 
Sodium and titanium tetrachloride are combined in a burner 
reaction chamber 10 where titanium tetrachloride vapor from a 
source thereof in the form of a distillation colvunn 11 is 
injected into a flowing sodlxxm stream from a source (not shown) 
thereof. Hake up sodium is produced in an electrolytic cell 
12. The reduction reaction is highly exothermic, forming 
molten reaction products of titanium and sodium chloride. The 
molten reaction products are quenched in the bulk sodium 
8tre2ua. Particle sizes and reaction rates are controlled by 
metering of the titanium tetrachloride vapor flowrate, dilution 
of the titanium tetrachloride vapor with an inert gas, such as 
He or Ar, and the sodium flow characteristics and mixing 
parameters where the burner Includes concentric nozzles having 
an inner nozzle for the Ticl^ and the outer nozzle for the 
liquid sodium, the gas is intimately mixed with the liquid and 
the resultant temperature, significantly affected by the heat 
of reaction, can be controlled by the quantity of sodium and 
maintained below the sintering temperature of the produced 
metal, such as titanium or about lOOO^C* 

The bulk sodium .stream then contains the titanixun and 
sodium chloride reaction products • These reaction products are 
removed from the bulk sodium stream by conventional .separators 
13 and 14 such as cyclones or particulate filters. Two 
separate options for separation of the titanium and the sodium 
chloride exist. 
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The first option removes the tltanlim and sodium 
chloride products in separate steps. This is accomplished by 
maintaining the bulk stream temperature such that the titanium 
is solid but the sodium chloride is molten through control of 
the ratio of titanium tetrachloride and sodium f lowrates to the 
burner 10. For this option, the titanium is removed first, the 
bulk stream cooled to solidify the sodium chloride, then the 
sodium chloride is removed from separator 14. In this option, 
the process heat for titanium tetrachloride distillation would 
be removed from the bulk stream immediately after the titanium 
separator 13. 

In the second option for reaction product removal, a 
lower ratio of titanium tetrachloride to sodium f lowrate would 
be maintained in the burner 10 so that the bulk sodium 
temperature would remain below the sodium chloride sodlfication 
temperature. For this option, titanium and sodium chloride 
would be removed simultaneously. The sodium chloride and any 
residual sodium present on the particles would then be removed 
in a water-alcohol wash. 

Following separation, the sodium chloride is then 
recycled to the electrolytic cell 12 to be regenerated. The 
sodium Is returned to the bulk process stream for introduction 
to burner 10 and the chlorine is used in the ore chlorinator 
15. It Is important to note that while both electrolysis of 
sodium chloride and subsequent ore chlorinatibn will be 
performed using technology well known in the art such 
integration and recycle of the reaction byproduct is not 
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possible with the Kroll or Hunter process because of the batch 
nature of those processes and the production of titanium sponge 
as an intermediate product. Operators of the Kroll and Hunter 
processes purchase titanium tetrachloride for use in the 
nsmufacture of titanium. The integration of these separate 
processes enabled by the inventive chemical manufacturing 
process has significant benefits with respect to both improved 
economy of operation and substantially reduced environmental 
impact achieved by recycle of waste streams. 

Chlorine from the electrolytic cell 12 is used to 
chlorinate titanium ore (rutile, anatase or ilmenite) in the 
chlorinator 15. In the chlorination stage, the titanium ore is 
blended with coke and chemically converted in the presence of 
chlorine in a f luidized-bed or other suitable kiln chlorinator 
IS. The titanium dioxide contained in the raw material reacts 
to form titanium tetrachloride, while the oxygen forms carbon 
dioxide with the coke. Iron and other impurity metals present 
in the ore are also converted during chlorination to their 
corresponding chlorides. The titanium chloride is then 
condensed and purified by means of distillation in column 11. 
With current practice, the purified titanium chloride vapor 
would be condensed again and sold to titanium manufacturers; 
however, in this integrated process, the titanium tetrachloride 
vapor stream is used directly in the manufacturing process. 

After providing process heat for the distillation step 
in heat exchanger 16, the temperature of the bulk process 
stream is adjusted to the desired temperature for the burner 10 

■ 
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at: hea^ exchanger 17, and then combined with the regenerated 
sodium recycle stream, and injected Into the burner. It should 
be understood that various pumps, filters, traps, monitors and 
the like will be added as needed by those skilled in the art. 

Referring now to Figures 2 and 3, there is disclosed 
flow diagrcuas, respectively, for a low temperature process in 
Fig* 2 and a high temperature process in Fig. 3» The principal 
differences are the temperatures at which the sodium enters and 
leaves the burner 10. Like numbers have been applied for like 
equipment, the purpose of which was explained in Figure 1. For 
instance in Fig« 2 for the low temperature process, the sodium 
entering the burner 10 is at 200'C having a flow rate of 38*4 
kilograms per minute. The titanium tetrachloride from the 
boiler 11 is at 2 atmospheres and at a temperature of 164 ^C, 
the flow rate through line I5a being 1.1 kg/min* Pressures up 
to 12 atmospheres may be used, but it is important that back 
flow be prevented, so an elevated at pressure of at least 2 
atmospheres is preferred to ensure that flow through the burner 
nozzle is critical or choked. In all aspects, for the process 
of Figures 1 as well as the processes of Figures 2 and 3, it is 
important that the titanium that is removed from the separator 
13 be at or below and preferably just below the sintering 
temperature of titanium in order to preclude and prevent the 
solidification of the titanium on the surfaces of the 
equipment, which is one of the fundamental difficulties with 
the processes commercially used presently. By maintaining the 
temperature of the titanium metal below the sintering 
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temperature of titanium metal, the titanium will not attach to 
the walls of the equipment as it presently does and, therefore, 
the physical removal of same will be obviated. This is an 
important aspect of this invention and is obtained by the use 
of sufficient Na metal or diluent gas or both to control the 
temperature of the elemental (or alloy) product. 

By way of interest, batch processes now in use reqpiire 
that the titanium sponge be jackhammered from the collection 
vessel and considering the hardness of the sponge, is no mean 
task. 

The high-temperature process illustrated in Fig. 3 
shows that the temperature at which the sodium enters the 
boiler is at 750*, having a flow rate of about 33.4 kg. 

The temperature of product from the burner in the low 
temperature process of Fig. 2 is about 300^C whereas the high 
temperature process is at about 850 ^C. It is clear that even 
at the high temperature process, the titanium is well below the 
sinterin? temperature which is approximately 1000 «C, thereby 
ensurin:; 'jjiat the shortcomings of the present day process are 
avoided. The heat exchangers in both Figs. 2 and 3 are 
identified by the numeral 20 although the values of the power 
removed is different for the processes of Fig. 2 (low 
temperature} and Fig. 3 (high temperature) , due in part because 
of the placement of the heat exchanger 20 In the high 
temperature process prior to the separation of sodium chloride 
while in the low temperature process, the heat exchanger 20 is 
subsequent to the separation of sodium chloride resulting in 
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different power outputs as indicated. In both flow diagrams of 
Figs. 2 and 3, sodium make-up is indicated hy the line 12A and 
this may come from an electrolytic cell 12 or some other source 
of sodium entirely different. In other aspects, both Figures 2 
and 3 are illustrative of the types of design parameters which 
may be used to produce titanium metal in a continuous process 
which avoids the problems inherent in the batch process 
presently in use commercially. 

The invention has been illustrated by reference to 
titanium alone and titanium tetrachloride as a feedstock^ in 
combination with sodium as the reducing metal. However # it 
should be understood that the foregoing was for illustrative 
purposes only and the invention clearly pertains to those 
metals and non-metals in Table 1, which of course include the 
fluorides of uranium and rhenium and well as other halides such 
as bromides* Moreover, sodium while being the preferred 
reducing metal because of cost and availability, is clearly not 
the only available reductant. Lithiim, potassium as well as 
calcium and other alkaline earth metals are available and 
thermodynamically feasible. It is well within the skill of the 
art to determine from the thermodynamic Tables which metals are 
capable of acting as a reducing agent in the foregoing 
reactions, the principal applications of the process being to 
those reactions which are highly exothermic as illustrated in 
Table 1 when the chloride or halide is reduced to the metal. 
Moreover, it is well within the skill of the art and it is 
contemplated in this Invention that alloys can be made by the 
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process of the subject invention by providing a suitable halide 
feed in the nolecular ratio of the desired alloy. 

While there has been disclosed what is considered to be 
the preferred embodiment of the present invention, it is 
understood that various changes in the details may be made 
without departing from the spirit, or sacrificing any of the 
advantages of the present invention* 
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The Claims 2 

1. A method of producing an eleiaential na'terial or an 
alloy thereof from a halide or mixtures thereof comprising 
intimately contacting the halide or mixtures thereof with a 
stream of liquid alkali metal or alkaline earth metal or 
mixtures thereof, said alkali or alkaline earth metal or 
mixtures thereof being present in sufficient quantity to 
convert the halide to elemental material or an alloy and to 
maintain the temperature of the react ants at a temperature 
lower than the lesser of the boiling point of the alkali or 
alkaline earth metal at atmospheric pressure or the sintering 
temperature of the produced elemental material or alloy to 
prevent the elemental material from depositing on the 
equipment . 

2. The method of claim 1, wherein the elemental 
Material is one or more of Ti, Al, Sb, Be, Ga, Mo, Nb, Ta, 
and V. 

3. The method of claim 1, wherein the elemental 
material is one or more of Ir, Os, Re and U. 

4. The method of claim 1, wherein the alkali metal is 
one or more of Na, K and Li. 

5. The method of claim 1, wherein the alkaline earth 
metal is one or more of Ca, Sr and Ba. 

6. The method of claim 1, wherein the halide is one or 
more of Cl, Br and P. 
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7« The method of claim 1, wherein the alkali metal is 
one or more of Na and the alkaline earth is one or more of 
Ca and Ba and the halide is one or more of CI and Br. 

8. The method of claim l, wherein the halide is in 
vapor torra and at a pressure in the range of from about 2 
atmospheres to about 10 atmospheres when brought in contact 
with the liquid alkali metal or alkaline earth metal or 
mixtures thereof. 

9« The method of claim 1, and further comprising 
adding a inert gas to the halide vapor as a diluent and heat 
sink. 

10. The method of claim 9, wherein the inert gas is Ar 

or Be. 

11. The method of claim 1, wherein the temperature of 
the reactants is maintained below the sintering temperature of 
the elemental material or alloy produced* 

12. A method of continuously producing a non-metal or a 
metal or an alloy thereof comprising, providing a supply of 
halide vapor fluid, providing a supply of liquid alkali or 
alkaline earth metal ^ intimately mixing the halide vapor fluid 
with a liquid alkali metal or alkaline earth metal or mixtures 
thereof to produce the non-metal or the metal and the halide of 
the alkali or alkaline earth metal, said halide vapor being at 
a pressure not less than about 2 atmospheres and said alkali or 
alkaline earth metal being present in sufficient quantities to 
maintain the temperature of the reaction products less than the 
boiling point of the alkali metal or alkaline earth metal or 
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less ^an the sintering temperature of the non-metal or metal 
or alloy, whichever is less, to prevent the reaction product 
from depositing on the ecpiipment, separating the solid metal or 
non-metal from the reactants, separating the alkali metal 
halide or the alkaline earth metal halide into its constituent 
parts, cooling and recycling the alkali metal or the alkaline 
earth metal to react with additional halide vapor, 

13. The method of claim 12, wherein the reduction of 
halide to metal or non-metal is exothermic. 

14. The method of claim 13, wherein the halide has a 
boiling point less than about 400^0. 

15. The method of claim 14, wherein the halide vapor 
flows through the inner nozzle of concentric nozzles with the 
liquid metal flowing through the annulus formed by inner and 
outer nozzles, the vapor flow being sonic. 

16. The method of claim 15, wherein the metal or non- 
metal is one or more of TiCl^, SbClj^ BeClj^ BCI3, TaCl^, 
VCl^, NbClj, MoCl^, GaCl,, UF^, ReF^. 

17. The method of claim 12, wherein the halide is one 
or more of Br and cl. 




wo 96/04407 



2/4 



PCTAJS95/10159 




wo 96/04407 



3/4 



PCr/US9S/101S9 






wo 9dAM407 



PCr/U595/llll59 



4/4 




INTERNATIONAL SEARCH REPORT 



In^nAtional apptieation No. 
PCT/US9S/10159 



A. CLASSIHCATION OF SUBJECT MATTER 
IPC(6) : C22C l/00» 24/00; C22B 4/00 

US CL : 75/10.28, 344, 40S, 589. 605, 613, 616, 619, 630, 676, 745 
According to totcinationtl Pittent Clas sification (IPC) or to both national cUssification and IPC 

B. HELPS SEARCHED 

Minimum documenutton aearched (classlfjcation aysicm faUuuxsd by classincacion symbols) 
U.S. : 75/10.28. 344. 408. 589, 605, 613. 616. 619. 620. 676, 745 

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched 



Electronic data base consulted during the international search (name of data base and, where pracUcable. search terms used) 
APS (search terms including the following: halide, aJIcaJi, and alkaline^ 



C. DOCUMENTS C02SSIDERED TO BE RELEVANT 



Category' 



X 
Y 



'A' 



Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No. 



US, A, 2,205,854 (KROLL) 25 June 1940 
col. 2, lines 12-15; 43-44 
col. 7, lines 53-58; 60-68 
col. 4, lines 34-43 

US, A, 4,445,931 (WORTHINGTON) 1 May 1984 
col. 1, lines 6-10; 45-47; 51-60 
col. 2, lines 17*52 



US, A, 3,825,415 (JOHNSTON et ai.) 23 July 1974 



US, A, 3,535,109 (INGERSOLL) 20 October 1970 



□ 

Further documeau are luted in the co ntuwiw ioB of Box C. J | See pttent family annex. 



1. 2, 4-7. 11 



1-11 



12-17 



12-17 



12-17. 



«» part ok pwDcuMr 

rfoCMiwni |witilii<mJ pa or tfter ite 



docianeot pnh lii lMri ilfcef e>e iMcmuioat fUiaf date or prioxtiy 
dale and not ia CMflkt wUh Ike «ppUcMtiM but dl«d w iM«den(wl ifac 
fiiDcipla «r IhM^ aadariyoii iba 



rtUaadate 

■MM wbkh may Ihmw douUi on priontx clatmCe} «r wtkh m 
u aitifcUrfi ite poMicilioii date of aootficr ciuiiM or ottm- 
(«apcnfiorf) 

ivfentaj ID aa oml diedoaure, uac. nhibStiou or oihar 



•X' 



of 

idorad novel or 



i; iba claoaed iavaadoa caoiiot be 
be L-gf i dcr a d lo iaMlveaii iavcotivaaiip 



dociaaccapuMiehed prior to Iba inianMUaaalfitt^ 

the ptiarkjf data diimad * 



of particular fdcvancc; Aa cUaad iDveadioo caonot be 
comi d Bn i J to invoVva an tavflDlive attp when docuBMit b 
f^cMwtwn a d whb ooo or mora odicr audi '^manrn w. aocli fftmfrinairnn 
baing obvioiia to a paiaoa elcillad b Iba «n 



documcos nuember of lisc 



patent Ctnuiy 



Date of the actual completion of the international search 

14 SEPTEMBER 1995 

Name and nailing address of the ISA/US 
of faieatB and Tradcoiarics 



Box per 

Washistioii. O.C. 20231 
facsimlic No. f703) 305-3603 



Date of mailing of the international aearch 
Authorized oilker 



SCOTT T. BLVNI 
Telephone No, f703) 308-0441 



Form PCT/2SA/210 (second iheetXJuly 1992)i 



